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Description 

The present invention relates to a method for pro- 
ducing diamond-like coatings and the coated articles 
made thereby. 

Amorphous carbon films having diamond-like prop- 
erties of extreme hardness, extremely low electrical 
conductivity, low coefficients of friction, and optical 
transparency over a wide range of wavelengths, have 
widespread applications as optical coatings, low friction, 
anti-corrosion coatings and wear-resistant coatings and 
in various other applications such as surface finishing 
and in semiconductor manufacturing. 

Diamond-like carbon is a non-crystalline, or amor- 
phous, material having two types of carbon-carbon 
bonds, i.e., hexagonal graphite bonds (sp 2 ) and tetra- 
hedral diamond bonds (sp 3 ). Thus, diamond-like carbon 
has both limited long range order and two types of short 
range order. 

Diamond-like carbon may be hydrogenated or non- 
hydrogenated. Hydrogenated diamond-like carbon is 
produced from a hydrocarbon gas mixture using various 
energy sources, e.g., DC discharge, microwave and RF 
energy, oxyacetylene torches, and hot filaments. Non- 
hydrogenated diamond-like coatings can be produced 
using magnetron sputtering, electron beam evapora- 
tion, laser ablation and mass filtered carbon-ion beam 
deposition techniques, each of which has a very low 
deposition rate. Each method for producing the non-hy- 
drogenated diamond-like carbon produces a hard car- 
bon coating but the coatings have differing sp 3 /sp 2 bond 
ratios and, thus, the structural and physical character- 
istics differ. 

The sp 3 /sp 2 bond ratio can be estimated from the 
plasmon energy determined by electron energy loss 
spectroscopy. The plasmon energy is proportional to the 
atom density and diamond has a greater atom density 
and plasmon energy than graphite. Polycrystalline 
graphite has a plasmon energy loss of about 25 electron 
volts (eV). Diamond has a plasmon energy loss of about 
33 eV. Non-hydrogenated diamond-like carbon has a 
plasmon energy loss between about 26 and 32 eV, the 
higher plasmon energies corresponding to higher atom 
densities which are believed to be due to an increased 
sp 3 bonding component. 

Hydrogen-free non-crystalline diamond-like carbon 
coatings can also be produced using cathodic arc plas- 
ma deposition, a process which provides high deposi- 
tion rates and allows control over the incident ion kinetic 
energy and the substrate temperatures. The sp 3 /sp 2 
bond ratio is believed to be dependent on the incident 
ion kinetic energy. Cathodic arc plasma deposition can 
produce diamond-like carbon coatings with higher plas- 
mon energies than alternative processes, thus, yielding 
higher sp 3 /sp 2 bond ratios. 

A cathodic arc discharge occurs when a high cur- 
rent power source is connected between two sufficiently 
conductive electrodes and the electrodes are momen- 



tarily in contact, either physically or by another dis- 
charge. Arc spots form on the cathode surface as the 
electrodes are separated. These small, luminous re- 
gions are often very mobile and move rapidly over the 
5 cathode surface. Due to the high current density con- 
tained in each spot, rapid ebullition of the cathode ma- 
terial occurs, and this plasma material can be confined, 
transported using magnetic fields and deposited on sub- 
strates. The current density at each spot can reach 
io 100,000 amperes per square centimeter and this con- 
tributes to the ionization of much of the outflowing vapor. 

One of the major problems associated with cathodic 
arc discharges is the production of macroparticles. Mac- 
roparticles are droplets or solid particles of the consum- 
15 able cathode which range in size from about 0.1 uin to 
greater than about 50 ujti, most being between about 
0.5 and 20 um These macro particles are deposited 
with the plasma to produce unwanted particles in the 
final coating. Macroparticle production is particularly un- 
20 desirable for diamond-like carbon coatings because 
they are graphite and become embedded in the dia- 
mond-like carbon coating. Much attention has been giv- 
en to the removal of these particles. 

U.S. Pat. No. 4,452,686 (Axenov et al.) describes 
25 one means of macroparticle removal via filtration. A cy- 
lindrically shaped current coil and a central axially 
mounted, football-shaped coil produce a magnetic field 
that guides the plasma around the central coil and 
through the plasma guide system. Macroparticles, 
30 which are much heavier than the plasma particles are 
not guided by the magnetic field and, thus, are blocked 
by the central coil. Downstream, the plasma macropar- 
ticle density is significantly reduced. 

I.I. Aksenov et al., "Transport of Plasma Streams in 
35 a Curvilinear Plasma Optics System', Soviet Journal 
Physics, 4(4), July-August 1978, pp. 425-428, describes 
a vacuum apparatus using curvilinear magnetic and 
electric fields to steer and focus the plasma and remove 
macroparticles from the plasma stream. 
40 Although such filtration means do reduce the mac- 
roparticle density in the coatings, they do not completely 
remove all macroparticles. Typically, the larger mac- 
roparticles are filtered, but the submicron particles are 
not completely filtered. This can occur as the submicron 
45 particles bounce around in the vacuum system. This can 
also result from momentum transfer from the plasma to 
the particles. Furthermore, plasma filters typically re- 
duce the plasma flux by 30 to 50 percent, leading to re- 
duced deposition rates. 
so The present invention provides a method for pro- 
ducing a diamond-like carbon coating comprising the 
steps of providing a substrate to be coated, providing a 
cathode of vitreous carbon or pyrolytic graphite and in- 
itiating a cathodic arc discharge with the arc spot on the 
55 cathode surface and directing the resulting carbon plas- 
ma toward the substrate to form a coating on said sub- 
strate, said coating being substantially macroparticle 
free. The discharge may optionally be carried out in a 
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magnetic field. The present invention overcomes the 
problem of macroparticles in diamond-like carbon coat- 
ings produced using a cathodic arc generator. The 
method of the present invention produces high quality, 
non-hydrogenated diamond-like coatings at high depo- 5 
sition rates. 

The present invention utilizes the cathodic arc proc- 
ess to produce non-hydrogenated, non-crystalline, dia- 
mond-like carbon coatings and films which are essen- 
tially macroparticle free. Unlike the prior art where the 
removal or filtration of the macroparticles was of prime 
concern, the present invention utilizes a cathodic arc 
carbon cathode material which does not generate mac- 
roparticles in the plasma discharge. 

FIG. 1 is a photomicrograph of the coating of Exam- 
ple 3 at 106X. 

FIG. 2 is a photomicrograph of the coating of Exam- 
ple 3 at 426X. 

FIG. 3 is a photomicrograph of the coating of Com- 
parative Example 3 at 106X. 

FIG. 4 is a photomicrograph of the coating of Com- 
parative Example 3 at 426X. 

FIG. 5 is a graph showing the relation between mac- 
roparticle count and coating thickness at 106X for Ex- 
amples 1-3 (dashed line) and Comparative Examples 
C1-C3 (solid line). 

FIG. 6 is a graph showing the relation between mac- 
roparticle count and coating thickness at 426X for Ex- 
amples 1-3 (dashed line) and Comparative Examples 
C1-C3 (solid line). 

The cathodic arc discharge coating process can be 
carried out under vacuum at pressues of, e.g., less than 
0.133 Pa (10* 3 Torr), at ambient conditions, e.g., room 
temperature of 20-25°C, in an inert atmosphere such 
as, for example, argon, or in a reactive atmosphere such 
as hydrogen or oxygen. The preferred mode is without 
gas flowing into the chamber. A cooled substrate holder 
may be preferred to keep the substrate at a temperature 
of slightly below room temperature when large plasma 
fluxes are produced. 

The cathode and, optionally, the anode can be elec- 
trically isolated from the vacuum chamber and electri- 
cally connected by a DC high current power source such 
as a welding power supply, i.e., continuous DC arc dis- 
charge. Alternatively, the arc discharge can be powered 
by a capacitor to produce a pulsed arc discharge. 

The cathodic arc discharge can be ignited by vari- 
ous means such as, for example, a mechanical striker, 
thin film ablation, high voltage spark discharge or a fo- 
cused laser beam. 

The arc voltage is preferably between about 20 to 
60 volts, more preferably between about 20 and 35 
volts. The arc current is preferably greater than about 
50 amps, more preferably greater than about 75 amps. 
The substrate surface temperature is preferably below 
about 200°C, and can be reduced by cooling. 

The carbon coating produced by the method of the 
present invention preferably has a plasmon energy loss 



of at least about 26 eV, more preferably at least about 
29 eV. 

Examples 

The cathodic arc apparatus used in the present in- 
vention was similar to that described in U.S. Pat. No. 
3,836,451 (Snaper) which is incorporated herein by ref- 
erence. A water-cooled copper block held the cathode. 
The cathode and anode were each electrically isolated 
from the vacuum chamber and connected to a DC weld- 
ing power supply (INTELUWELD 650, available from 
Miller Welding Co.) modified to produce an open circuit 
voltage of 95V. The vacuum vessel was 0.4 m in diam- 
eter and 1 m long and pumping was by an oil diffusion 
pump. The base pressure was between about 0.1 10" 3 
and 0.6 10' 3 Pa (1-10- 6 and 5-10* 6 Torr). No inert or re- 
active gas was flowing into the system during the arc 
discharge. The power supply was operated in a constant 
current mode at 100 amps arc current. The open circuit 
voltage for the power supply was about 95 volts. The 
geometry and B field strength produced an arc voltage 
of about 25 to 35 volts. The cathodic arc discharge was 
operated in an intermittent manner. The discharge was 
maintained at 1 00 amps for 5.5 seconds then, after a 5 
second pause, the cathodic arc discharge was reignited. 

The cathodic arc discharge was ignited by a me- 
chanical striker. The striker was moved into momentary 
contact with both the cathode and anode and, as the 
striker was separated from the cathode surface, a plas- 
ma discharge was formed which moved outward from 
the cathode surface. 

The plasma discharge was collected and transport- 
ed by magnetic fields created by two electromagnetic 
coils, spaced approximately 35 cm apart. The electro- 
magnetic coil nearest the cathode was operated with 10 
amps while the coil nearer the sample was operated with 
2 amps. This geometry created a stronger magnetic field 
inside the coils and a weaker field between the coils. 
Consequently, the plasma expanded between the coils. 
In addition to a cooled cylindrical copper anode near the 
cathode, a cylindrically shaped stainless steel screen 
was placed within and coaxial to the vacuum chamber. 
This allowed a lower arc voltage of about 25 to 35 volts 
to be maintained even when large magnetic fields were 
applied near the cathode. This geometry allowed elec- 
trons in the plasma to follow magnetic field lines to the 
anode i.e., to follow a low voltage path. This resulted in 
a more stable discharge. 

The substrates used were undoped 7.6 cm diame- 
ter silicon wafers. The wafers were held onto the face 
of a water-cooled sample holder with a 5 cm diameter 
face which was electrically isolated from ground. The 
wafers effectively hid the sample holder from the plasma 
flux, A bias voltage of - 15 volts relative to the chamber 
was applied for each sample. Immediately prior to the 
cathodic arc discharge, the silicon wafer was sputtered 
clean with 1 500 eV Ar+ ions incident at about a 60° angle 
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relative to the surface normal. A Kauffman type Ion 
source (available from Commonwealth Scientific Co.) 
was used with argon gas flowing into the back of the ion 
source. The argon flow rate was sufficient to increase 
the system pressure to about 0.09 Pa (7-1 Or 4 Torr) while 
the diffusion pump continued to pump on the system. 
The sputter cleaning cycle lasted for about 5 to 5.5 min- 
utes. 

During the cathodic arc discharge the current to the 
sample and passing through the sample bias power 
supply was monitored since it is equal to the carbon ion 
current impinging on to the sample and sample holder. 
The thickness of the coating was controlled by integrat- 
ing the carbon ion current to the sample. This was ac- 
complished by transforming the carbon ion current into 
a voltage by measuring the voltage drop across a 4 ohm 
resistor. 

The diamond-like carbon coatings of the following 
examples were examined for macroparticles using a 
NICON MEASURESCOPE, Model UM-2, optical micro- 
scope. Macroparticles were readily visible as bright 
spots on a dark background when imaged in a dark field 
mode. Photomicrographs were obtained at magnifica- 
tions of 106X and 426X. Two methods were used to 
measure the macroparticle density from photographs of 
the deposited films. 

An Advanced Image Analysis System was used to 
count the number of macroparticles in a region of the 
surface on the photomicrographs. The analysis area ex- 
amined was 200 u,m x 1 62 uin for the 426X photomicro- 
graphs and 804 ujti x 651 u.m for the 106X photomicro- 
graphs. Preferably, there are less than about 10 mac- 
roparticles in the 426X analysis area and less than about 
100 macroparticles in the 106X analysis area, more 
preferably less than 50 macroparticles in the 1 06X anal- 
ysis area. 

Example 1 -3 

In each of Examples 1 -3, an undoped 46 cm 2 silicon 
wafer, Si(100), was placed in the cathodic arc vacuum 
chamber, Ar* sputter cleaned, and exposed to the car- 
bon plasma produced by a SIGRADUR G vitreous car- 
bon cathode (available from Sigri Corporation, Somer- 
ville, N.J.) in the form of three 1.27 cm x 5.1 cm x o.4 
cm plates forming a 1 .27 cm x 1 .2 cm rectangular cross- 
sectional area to produce diamond-like coatings of var- 
ious thicknesses as set forth in Table 1. Photomicro- 
graphs were taken. Photomicrographs of the 530 A thick 
coating are shown in FIGS. 1 and 2. The macroparticle 
count was determined using the image analysis soft- 
ware. The macroparticle counts are shown in Table 1 
and in FIGS. 5 and 6 (dashed lines). As can be seen, 
the macroparticle count is very low. The apparent mac- 
roparticles which are seen in the photomicrographs are 
believed to be due to debris, impurities in the system. 
The cathodic arc discharge is believed to be free of mac- 
roparticles. 



The diamond-like carbon coatings of Examples 1 -3 
were shown to be hydrogen free by Attenuated Total Re- 
flection (ATR) Infrared spectroscopy. This was deter- 
mined by comparing cathodic arc produced coatings 
5 with RF deposited diamond-like carbon coatings. The 
latter were made using a parallel plate PLASMATHERM 
Model PK 2480 RF plasma reactor with butadiene as 
the reactant gas. The ATR signal for cathodic arc pro- 
duced diamond-like coatings was compared with sam- 
10 pies known to contain a significant hydrogen content. 
The latter samples were deposited directly on germani- 
um ATR crystals and absorption measurements in the 
2800 cm* 1 to 3200 cm' 1 were made in a DIGILAB Model 
FTS-50 spectrometer using a SPECTRATECH ATR 
is cell. The RF plasma deposited hydrogen films displayed 
a broad absorption band due to the C-H stretching vi- 
brations. The spectrum for the cathodic arc produced 
diamond-like carbon films of Examples 1-3 was devoid 
of C-H stretching vibrations. It therefore can be conclud- 
20 ed that unlike the hydrogenated diamond-like carbon 
film deposited by the RF plasma process, the diamond- 
like carbon film of the invention deposited by cathodic 
arc evaporation from an amorphous vitreous carbon 
cathode is truly non-hydrogenated. 
2$ Standard Auger analysis of the films of Examples 
1 -3 indicated a carbon component of 97 percent or more 
with oxygen being the major trace impurity which was 
usually concentrated at the substrate/coating interface. 
Electron Energy Loss Spectroscopy (EELS) was 
30 used to determine the plasmon energy loss of the coat- 
ings utilizing standard electron spectroscopic appara- 
tus. The plasmon energy loss is related to the structural 
properties of the film because it is proportional to the 
valence electron density which is proportional to the at- 
35 om density. Diamond has a plasmon energy loss of 33 
eV and polycrystalline graphite about 25 eV. Rother et 
al., Journal of Material Research, vol. 6, no. 1, January 
1991, pg 101, measured the plasmon energy of dia- 
mond-like carbon films with various deposition tech- 
40 niques and found that cathodic arc produced films have 
a higher fraction of diamond bonding character with a 
plasmon energy of between 29 and 30 eV. Rother et al. 
measured the plasmon energy of their films in the trans- 
mission mode which requires the film to be separated 
45 from the substrate and very high incident electron ener- 
gies must be used. The plasmon energy of the films of 
the present invention was measured in the reflective 
mode with a beam energy of about 2000 eV wherein the 
film does not have to be separated from the substrate 
50 and the loss energy was found to be about 29 eV. 

Comparative Examples C1 -C3 

In each of Comparative Examples C1 -C3, a 46 cm 2 
55 silicon wafer, Si(100), was placed in the cathodic arc 
vacuum chamber, sputter cleaned, and exposed to the 
cathodic arc carbon plasma produced from a 1 .9 cm di- 
ameter POCO SFG-2 graphite carbon cathode (availa- 
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ble from Poco Graphite, Inc. a Unocal Company, Deca- 
tur, TX.) which is an ultra-fine grained and ultra pure ma- 
terial with 18 percent porosity to produce diamond-like 
coatings of various thicknesses as set forth in Table 1. 
Photomicrographs were taken. Photomicrographs of 
the 350 A thick coating are shown in FIGS. 3 and 4. The 
macroparticle count was determined using the image 
analysis software. The macroparticle counts are shown 
in Table 1 and in FIGS. 5 and 6 (solid lines). As can be 
seen, these coatings have a high number of macropar- 
ticles and the number of macroparticles increases with 
increasing thickness. 



TABLE 1 



Example 


Thickness 


Macroparticle Count 


106X 


426X 


1 


200A 


34 


4 


2 


490A 


40 


6 


3 


530A 


46 


4 


C1 


200A 


200 


17 


! C2 


230A 


412 


50 


! C3 


350A 


665 


83 



Example 4 



In Example 4, a 46 cm 2 silicon wafer, Si(100), was 
placed in the cathodic arc vacuum chamber, sputter 
cleaned, and exposed to the plasma produced by a 1 .9 
cm diameter pyrolytic graphite carbon cathode from BF 
Goodrich which is an oriented large-grained polycrys- 
talline carbon material to produce a diamond-like coat- 
ing about 420 A thick. The macroparticle count was de- 
termined by visually counting bright spots in a 426X 
Namarski photomicrograph and was found to be be- 
tween about 30 and 50 for a 200u.m x 163u/n area. 

Comparative Example C4 

In Comparative Example C4, a 46 cm 2 silicon wafer, 
Si(100), was placed in the cathodic arc vacuum cham- 
ber, sputter cleaned, and exposed to the plasma pro- 
duced by a 1 .9 cm diameter carbon-carbon composite 
material of randomly oriented carbon fibers in a carbon 
matrix (available from BF Goodrich) to produce a dia- 
mond-like coating about 500 A thick. The macroparticle 
count in three diamond-like carbon coatings was deter- 
mined by counting bright spots in a 426X dark field pho- 
tomicrograph and was found to be between 200 to 350 
over a 20041m x 163um area. 

The various modifications and alterations of this in- 
vention will be apparent to those skilled in the art without 
department from the scope of this invention and this in- 
vention should not be restricted to that set forth herein 
for illustrative purposes. 



Claims 

1 . A method for producing a diamond-like carbon coat- 
ing comprising the steps of providing a substrate to 

5 be coated, providing a cathode of vitreous carbon 
or a pyrolytic graphite cathode and initiating a ca- 
thodic arc discharge with the arc spot on the cath- 
ode surface and directing the resulting carbon plas- 
ma toward the substrate to form a coating on said 

10 substrate, said coating having less than 100 parti- 
cles 0.1 to 50 microns in diameter per 804-micron- 
by-651 -micron area of a 106X enlarged view of the 
coating. 

is 2. The method of claim 1 wherein said cathodic arc 
discharge is powered by a DC high current power 
source. 

3. The method of claim 1 wherein said cathodic arc 
20 discharge is powered by a capacitor to produce a 

pulsed arc discharge. 

4. The method of claim 1 , 2 or 3 wherein the arc volt- 
age is between about 20 and 60 volts. 

25 

5. The method of any of claims 1 to 4 wherein the arc 
current is at least about 50 amps. 

6. The method of any of claims 1 to 5 wherein said 
30 discharge is carried out in a magnetic field. 



PatentansprOche 

3S 1. Verfahren zur Herstellung einer diamantahnlichen 
Kohlenstoffbeschichtung mit den Schritten: Bereit- 
stellen eines zu beschichtenden Substrats, Bereit- 
stellen einer Katode aus glasartigem Kohlenstoff 
Oder einer pyrolytischen Graphitkatode und Auslo- 
40 sen einer Katodenbogenentladung mit dem Bogen- 
leuchtfleck auf der Katodenoberflache und Lenken 
des resultierenden Kohtenstoffplasmas zum Sub- 
strat, urn eine Beschichtung auf dem Substrat aus- 
zubilden, wobei die Beschichtung weniger als 100 
45 Partikel mit einem Durchmesser von 0,1 bis 50 ^im 
pro 804 jam x 651 fim groGer Flache einer 106-fach 
vergroBerten Ansicht der Beschichtung aufweist. 

2. Verfahren nach Anspruch 1 , wobei die Katodenbo- 
50 genentladung von einer Gleichstrom-Hochstrom- 

queile versorgt wird. 

3. Verfahren nach Anspruch 1 , wobei die Katodenbo- 
genentladung von einem Kondensator versorgt 

55 wird, urn eine gepulste Bogenentladung zu erzeu- 
gen. 



25 

5. 



40 



4. Verfahren nach Anspruch 1 , 2 Oder 3, wobei die Bo- 
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genspannung zwischen etwa 20 und 60 V liegt 

5. Vert ahren nach einem der Anspruche 1 bis 4, wobei 
der Bogenstrom mindestens etwa 50 A betragt. 

6. Verfahren nach Anspruch 1 bis 5, wobei die Entla- 
dung in einem Magnetfeld erfolgt. 



Revendieations 

1 . Procede de production d'un revetement de carbone 
de type diamant comprenant les etapes de foumi- 
ture d'un substrat a revetir, de fourniture d'une ca- 
thode de carbone vitreux ou d'une cathode de gra- is 
phite pyrolytique et d'amorcage d'une decharge 
d'arc cathodique avec le point d'arc a la surface de 

la cathode et de direction du plasma de carbone re- 
sultant vers le substrat pour former un revetement 
sur (edit substrat, ledit revetement ayant moins de 20 
100 particules de 0,1 a 50 micrometres (ujti) de dia- 
metre par surface de 804 \im x 651 urn d'une vue 
du revetement grossie 106 fois. 

2. Precede de la revendication 1 dans lequel ladite de- 2S 
charge d'arc cathodique est alimentee par une 
source d'energie en courant continu fort. 

3. Procede de la revendication 1 dans lequel ladite de- 
charge d'arc cathodique est alimentee par un con- 30 
densateur pour produire une decharge d'arc a im- 
pulsions. 

4. Procede de la revendication 1 , 2 ou 3 dans lequel 

la tension de I'arc est comprise entre environ 20 et 3$ 
60 volts. 

5. Procede de Tune quelconque des revendieations 1 
a 4 dans lequel le courant de Tare est d'au moins 
environ 50 amperes. 40 

6. Procede de Tune quelconque des revendieations 1 
a 5 dans lequel ladite decharge est effectuee dans 
un courant magnetique. 

45 
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